A strain that efficiently degraded methyl tert-butyl ether (MTBE) was obtained by initial selection on the recalcitrant compound tert-butyl alcohol (TBA). This strain, a gram-positive methylotrophic bacterium identified as Mycobacterium austroafricanum IFP 2012, was also able to degrade tert-amyl methyl ether and tert-amyl alcohol. Ethyl tert-butyl ether was weakly degraded. tert-Butyl formate and 2-hydroxy isobutyrate (HIBA), two intermediates in the MTBE catabolism pathway, were detected during growth on MTBE. A positive effect of Co 2؉ during growth of M. austroafricanum IFP 2012 on HIBA was demonstrated.
Methyl tert-butyl ether (MTBE) has been incorporated in reformulated gasoline at concentrations up to 15% (vol/vol) to replace lead tetraethyl in order to comply with the octane index and to reduce the polluting emissions in exhaust gases. Other oxygenates, such as ethyl tert-butyl ether (ETBE) and tert-amyl methyl ether (TAME) and their corresponding alcohols, tert-butyl alcohol (TBA) and tert-amyl alcohol (TAA), can play the same role regarding the octane index. MTBE is the dominant fuel oxygenate (38) , with a worldwide production capacity of around 25 million tons. Because of its widespread use and the high frequency of underground tank leakage (35) , this compound is now the second most commonly detected contaminant in urban groundwater in the United States (23, 42) . In Europe, detectable levels of MTBE in rivers have also been reported (1) .
The persistence of MTBE in the environment can be ascribed, on the one hand, to its physicochemical properties (i.e., its low adsorption on organic matter and its high solubility in water) and, on the other hand, to its molecular structure (it has both an ether bond and high steric hindrance, which makes it recalcitrant to microbial degradation).
Early reports based on microcosms having different origins mentioned the recalcitrance of MTBE and TAME (22) . Nevertheless, a stable aerobic mixed culture that degraded MTBE via TBA was obtained (31) . MTBE biodegradation by microcosms having different origins was reported later (5, 24, 45; K. Park and R. M. Cowan, Preprints Extend. Abstr. Am. Chem. Soc. Div. Environ. Chem. 37:421-424, 1997). MTBE cometabolism was demonstrated by using propanegrown bacteria (35) , an n-butane-grown fungus (17) , camphorgrown Pseudomonas putida CAM (36) , pentane-grown Pseudomonas aeruginosa (14) , ETBE-grown Rhodococcus ruber IFP 2007 (20) , and a cyclohexane-grown mixed culture (9) . Steffan et al. (36) proposed a pathway for MTBE biodegradation in which MTBE was sequentially degraded to tert-butyl formate (TBF), tert-butyl alcohol, and 2-hydroxy isobutyrate (HIBA). All these systems involved cytochrome P-450 monooxygenases. The genetic organization of the cytochrome P-450 of R. ruber IFP 2007 responsible for ETBE and MTBE oxidation was elucidated by Chauvaux et al. (7) .
Pure cultures of only two strains able to use MTBE as a sole carbon and energy source have been isolated previously; these strains are Rubrivivax gelatinosus PM1 (8, 10, 11, 16) and Hydrogenophaga flava ENV 735 (19, 37) .
In our laboratory, a strain was isolated from activated sludge based on its ability to grow on TBA and was identified as Mycobacterium austroafricanum IFP 2012 (13) . The capacity of this strain to degrade and grow on MTBE as a sole carbon and energy source is described in this paper.
New evidence concerning the MTBE degradation pathway and the nature of the enzymes involved in this pathway is also presented in this paper. Our results also point out differences among the MTBE oxidation systems of M. austroafricanum IFP 2012, R. gelatinosus PM1, and H. flava ENV 735.
MATERIALS AND METHODS
Isolation. The ability of an activated sludge sample from an urban wastewater treatment plant located near Paris, France, to degrade 200 mg of different fuel oxygenates per liter was evaluated by continuously monitoring oxygen consumption by electrolytic respirometry (Sapromat Apparatus, Voith, Germany). TBA degraders were enriched and isolated from the sludge by five successive additions of TBA and by plating on solid medium containing TBA as the sole carbon and energy source. The pure strain isolated was deposited in the CNCM, Pasteur Institute, Paris, France, as strain CIP I-2562. Stock cultures were kept frozen at Ϫ80°C in 20% (vol/vol) glycerol.
16S rDNA and hsp65 analyses. 16S rDNA amplification was performed by using reverse primer 5Ј-GAGAGTTTGATCCTGGCTCAG -3Ј (primer Bott 2) and forward primer 5Ј-TGCACACAGGCCACAACCCA-3Ј (primer Bott 1). The products of amplification were purified with a Qiagen kit, and the sequence was determined by using primer 244 (5Ј-CCCACTGCTGCCTCCCGTAG-3Ј).
hsp65 gene amplification was performed by using forward primer Tb11 (5Ј-A CCAACGATGGTGTGTCCAT-3Ј) and reverse primer Tb12 (5Ј-CTTGTCGA ACCGCATACCCT-3Ј) as described by Telenti et al. (39) . The products of amplification were purified with a Qiagen kit, and the sequence was determined by using primer Tb11.
In each case, the percentage of identity was determined by using the EMBL/ GenBank database with the Blast alignment tool (2) .
Growth medium and culture conditions. M. austroafricanum IFP 2012 was grown in Luria-Bertani medium (LB) (3) or in the defined mineral medium (MM) previously described by Piveteau et al. (29) , and the carbon source was added before inoculation. In the latter case, the volume of the headspace was sufficient to prevent any limitation by O 2 during growth. When mentioned below, yeast extract (YE) was added to MM to a final concentration of 100 mg/liter. Cultures were grown aerobically in conical flasks and incubated at 30°C with constant agitation.
Growth was monitored by measuring the optical density at 600 nm (OD 600 ) with a UV-1601 spectrophotometer (Shimadzu Corporation, Kyoto, Japan). Unless otherwise stated, tightly closed flasks were inoculated to obtain an initial OD 600 of 0.1. From a linear standard curve relating OD 600 to cell dry weight, it could be determined that 1 OD 600 unit corresponded to a cell dry weight of 0.43 Ϯ 0.01 g/liter (n ϭ 28).
Mineralization yield and carbon recovery. Cells grown on MM containing TBA (1 g/liter) were harvested by centrifugation, washed twice in phosphate buffer (20 mM, pH 7), and suspended in 80 ml of MM in a 670-ml sidearm flask with a septum. The carbon source was added at the required concentration.
For each experiment four trials were performed. In one of these trials growth was monitored by measuring either CO 2 production (mineralization yield) or the OD 600 and the residual substrate concentration (carbon recovery). When the maximum growth was reached, 2.4 ml of HNO 3 (68%, vol/vol ) was added through the septum in each of the three other sidearm flasks, and the final CO 2 concentration in the gaseous phase was measured.
Biomass production based on the difference between the final and initial OD 600 values was calculated by using the relationship between optical density and dry weight. The carbon contained in the biomass was evaluated by using C 4 H 8 NO 2 to determine the composition of the biomass (43) .
Degradation assay with resting cells. M. austroafricanum IFP 2012 was cultivated on MM containing TBA or MTBE or on LB. After growth, cells at an OD 600 of 1 were harvested by centrifugation at 23,000 ϫ g for 15 min and washed twice in phosphate buffer (20 mM, pH 7). The cells were resuspended to obtain an initial OD 600 of 0.4 in 40 ml of phosphate buffer containing the substrate in 250-ml sealed flasks. After inoculation, the flasks were incubated at 30°C on an orbital shaker. Samples were filtered through 0.22-m-pore-size filters (Prolabo, Fontenay sous Bois, France) before analysis. Substrate degradation was monitored over a 24-h period by chromatography.
For assays under anaerobic conditions, the cells obtained from aerobic cultures were transferred to an anaerobic chamber under strict anaerobic conditions. Before use, the buffer was boiled with N 2 flushing for 1 h and transferred to a glove chamber.
Growth inhibition by acetylene. Cells were grown on TBA (1 g/liter), collected by centrifugation, washed, resuspended (OD 600 , 0.2) in 40 ml of MM with the required carbon source, and placed in 250-ml flasks sealed with rubber stoppers. Acetylene (0.4%, vol/vol) was added immediately after inoculation. Growth was monitored by measuring the OD 600 .
Kinetic analysis of propylene oxidation. M. austroafricanum IFP 2012 was cultivated on MM supplemented with TBA or MTBE. When the OD 600 was 0.5, the cells were centrifuged, washed twice, resuspended in 15 ml of phosphate buffer to obtain an OD 600 of 1, and placed in flasks sealed with rubber stoppers. The experiment was started by injecting propylene (40% [vol/vol] in the gas phase). The flasks were incubated at 40°C with agitation. Filtered samples (pore size, 0.22 m) were analyzed by gas chromatography, and the time course of propylene oxide production was monitored over a 2-h period. To study the effect of acetylene on propylene oxidation, cells resuspended in phosphate buffer were exposed to acetylene (40% [vol/vol] in the gas phase) for 10 min with agitation at 30°C. Acetylene was removed from the flasks by flushing them with air for 15 min. Propylene was then added, and the production of propylene oxide was monitored over time.
Oxygen uptake rate. TBA-grown cells were collected by centrifugation, washed twice, and resuspended in phosphate buffer (20 mM, pH 7). TBA was added, and the O 2 consumption rate was measured with a 12-mm O 2 sensor (Ingold, Mettler-Toledo, Paris, France). The measured rates were corrected for endogenous consumption.
Cell extract preparation. Cells were grown on the appropriate substrate in 300 ml of MM to an OD 600 of 1, harvested by centrifugation at 20,000 ϫ g for 15 min, washed twice in phosphate buffer (20 mM, pH 7), and resuspended in 5 ml of phosphate buffer. Cells were broken by three passes through a French press (20,000 lb/in 2 ) and were always maintained on ice. Cell debris was removed by centrifugation twice at 1,000 ϫ g for 2 min. The resulting supernatant was used for an enzymatic activity test and for protein pattern analysis.
Gel electrophoresis. Soluble proteins from the cell extract were obtained by centrifugation at 15,000 ϫ g for 30 min; the supernatant fraction contained the soluble proteins. Total proteins were assayed by using a Bio-Rad protein assay (Bio-Rad, Munich, Germany) and were analyzed by SDS-7.5 or 15% polyacrylamide gel electrophoresis (PAGE) (26) . After electrophoresis, the gels were stained with Coomassie blue.
Analytical assays. MTBE, ETBE, TAME, TBA, TAA, methanol, ethanol, TBF, isopropanol, acetone, and propylene oxide were quantified by gas chromatography with a Varian 3300 gas chromatograph (Varian, Les Ulis, France) fitted with a flame ionization detector and equipped with a Porabond-Q capillary column (0.32 mm by 25 m; J & W Scientific, Chromoptic, Auxerre, France) by using a two-step temperature gradient in which the temperature increased from 105 to 200°C at a rate of 10°C/min. Helium (1.6 ml/min) was used as the carrier gas. Samples were filtered through 0.22-m-pore-size filters and were injected without further treatment into the chromatograph.
HIBA, lactate, methacrylate, and formate were quantified by using a highperformance liquid chromatograph (HPLC) (Metrohm) equipped with an anion column (Dual 2; 75 by 4.6 mm) and a conductimetric detector (Metrohm 732). The eluent, a mixture of 90% (vol/vol) 0.05 M sulfuric acid and 10% (vol/vol) acetonitrile, was previously flushed with a Spectra-Physics SCM 400 vacuum flusher and was injected at a rate of 0.5 ml/liter.
The formaldehyde concentration was determined by colorimetry as described by Werringloer (44) .
Gaseous carbon dioxide was quantified by thermal conductivity detection with a Varian 3800 gas chromatograph fitted with a Porapak Q column (1,830 by 2 mm). The oven and detector temperatures were 100 and 130°C, respectively. The carrier gas was helium (30 ml/min), and the column was maintained at 50°C.
Chemicals. ETBE, MTBE, TBA, TAA, TAME, HIBA, methacrylate, and propylene oxide were obtained from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Glucose, methanol, ethanol, isopropanol, formaldehyde, formate, HNO 3 , toluene, m-xylene, p-xylene, and acetone were supplied by Prolabo. Propylene and acetylene were obtained from Air Liquide (Paris-La Défense, France). All chemicals were the highest purity available.
Nucleotide sequence accession numbers. The 16S rRNA and hsp65 gene sequences of the new strain M. austroafricanum IFP 2012 have been deposited in the GenBank nucleotide sequence database under accession no. AF487529 and AF487530, respectively.
RESULTS

Isolation and characterization of a TBA-degrading strain.
An activated sludge sample was able to degrade 100% of 200 mg of TBA per liter, 200 mg of TAA per liter, 200 mg of TAME per liter, or 200 mg of ETBE per liter and 41% of 200 mg of MTBE per liter. After the substrate was exhausted, the adaptation phase was extended by periodic additions of substrate over a 2-month period. In the case of TBA, only one strain was isolated after several enrichment steps in MM containing TBA as the sole carbon and energy source and by streaking on solid medium containing TBA. This strain was a gram-positive, strictly aerobic, noncapsulated, nonsporulated rod and formed yellow colonies on solid medium.
Sequence comparison with sequences in the EMBL/Gen- (34) . The hsp65 gene, which codes for a 65-kDa heat shock protein, is present in all mycobacteria. It exhibits greater variability than the 16S rDNA gene sequence and is therefore potentially useful for identification of genetically related species. Sequence variations in the hsp65 gene can be exploited to identify mycobacteria to the species level (39) . Degradation capacities of M. austroafricanum IFP 2012. M. austroafricanum IFP 2012 was tested for its ability to degrade and mineralize fuel oxygenates (MTBE, ETBE, TAME, TBA, and TAA) and C 1 compounds (methanol and formate) ( Table  1 ). All of the substrates except ETBE were well degraded. No residual alcohol was detected during growth on TAME and growth on MTBE. TBA was the most readily assimilable substrate. TAME and TAA were both completely degraded within 14 days, whereas about 1 month was necessary for degradation and mineralization of MTBE. Even after 42 days, ETBE was not completely degraded.
M. austroafricanum IFP 2012 was clearly shown to be able to degrade and mineralize methanol and formate with high mineralization yields compared with those of other methylotrophic strains (4) .
Growth of M. austroafricanum IFP 2012 on MTBE and other substrates and metabolite identification. The growth of M. austroafricanum IFP 2012 on MTBE alone was slow and could be divided into two phases (Fig. 1A) . In the first phase, MTBE was degraded while TBA accumulated, and this occurred at a nearly constant cell concentration. During the second phase, biomass was readily produced from the TBA accumulated during the first phase. This sequential growth profile could be correlated with the changes in CO 2 production observed over time while the organism was growing on MTBE (data not shown). On this substrate, CO 2 was produced from TBA after a long lag which corresponded to the conversion of MTBE to TBA. In addition to TBA, another metabolite was detected during growth of M. austroafricanum IFP 2012 on MTBE. This compound was identified as TBF by coupling gas chromatography to mass spectrophotometry. The amounts of TBF and TBA transiently produced after 14 days accounted for 85% (molar) of the amount of MTBE degraded. No other MTBE degradation intermediate could be detected by gas chromatography or HPLC analyses. A second addition of 70 mg of MTBE per liter resulted in similar growth.
Although 100 mg of YE per liter did not support growth of M. austroafricanum IFP 2012 by itself, it clearly had a stimulatory effect on MTBE consumption (Fig. 1B) . With YE only 29 days was required for utilization of 140 mg of MTBE per liter supplied in two successive equivalent additions, compared to the 50 days required for utilization without YE. Analysis of the supernatant revealed transient accumulation of another soluble product of MTBE degradation detected only by HPLC. This compound was identified as HIBA by HPLC-mass spectrophotometry.
A similar effect of YE was observed when glucose was used instead of MTBE as the carbon source (data not shown). Addition of 200 mg of Casamino Acids per liter to MM was more beneficial than addition of the same amount of YE with either MTBE or glucose. This result is different from the results obtained with H. flava ENV 735 (19) , which, although requiring YE for good growth, did not require amino acids or vitamins.
Calculation of the carbon balance of M. austroafricanum IFP 2012 growing on MTBE, TBA, or HIBA showed that all of the carbon of each substrate was finally recovered as biomass and CO 2 ( Table 2 ). Maximum growth rates were calculated for growth on TBA and HIBA but not for growth on MTBE because no exponential phase was observed with MTBE. The biomass yield (in grams of biomass produced per gram of substrate consumed) was higher with TBA than with MTBE or HIBA.
The ability of M. austroafricanum IFP 2012 to grow on isopropanol (400 mg/liter), acetone (400 mg/liter), and methacrylate (100 mg/liter), three postulated intermediates of MTBE degradation (36) , was demonstrated. Increases in the OD 600 of 0.9, 0.7, and 0.3 U were obtained with isopropanol, acetone, and methacrylate, respectively. Growth on C 1 compounds was poor. An increase of only 0.15 OD 600 unit was obtained with methanol (after three successive additions of 200 mg/liter). Growth on formate was not measurable. Nevertheless, none of the postulated intermediates of the MTBE pathway (isopropanol, acetone, methacrylate, formaldehyde, and formate) was detected in this study.
Moreover, M. austroafricanum IFP 2012 was able to grow on 250 mg of toluene per liter, 250 mg of p-xylene per liter, and 250 mg of m-xylene per liter, with increases in the OD 600 of 0.25, 0.3, and 0.3 U, respectively. In each case, with cells precultivated on TBA a lag phase was observed before growth, suggesting that the enzymatic systems responsible for degradation of TBA and for degradation of p-xylene, m-xylene, and toluene were different. MTBE degradation capacity of M. austroafricanum IFP 2012 resting cells. MTBE, TBA, and HIBA degradation activities were assessed by using resting cells of M. austroafricanum IFP 2012 grown on MTBE, TBA, and LB (Table 3 ). MTBE degradation, TBA degradation, and HIBA degradation were mon- itored as a function of time. No lag phase occurred with any substrate with MTBE-and TBA-grown cells.
MTBE degradation occurred after growth on MTBE or TBA. Moreover, the MTBE degradation activity was twice as high when TBA-grown cells were used as when MTBE-grown cells were used, suggesting that TBA could be a good inducer of the MTBE degradation pathway. When 30 mg of MTBE per liter was used, the TBA produced from MTBE was not degraded. The molar ratios of the amount of TBA plus TBF produced to the amount of MTBE utilized were 0.68 Ϯ 0.08 and 0.69 Ϯ 0.01 for MTBE-and TBA-grown resting cells, respectively. When a lower initial concentration of MTBE (20 mg/liter) was used, the TBA produced from MTBE was totally degraded. However, TBA consumption took place when the MTBE concentration was less than 3 mg/liter. Besides, when TBA was used as a substrate, it was degraded immediately After growth on LB, a noninducing medium, a lag phase occurred before degradation of each of the three substrates began. LB-grown cells were finally able to degrade MTBE, TBA, and HIBA, but at different levels; TBA and HIBA were completely degraded after 100 h, whereas only around 57% of MTBE was degraded during the same period. This could mean that LB-grown cells required a longer adaptation time on MTBE than on TBA or HIBA.
Involvement of a nonhemic monooxygenase system in MTBE and TBA degradation. No MTBE and TBA degradation activities could be observed in cell extracts from MTBEand TBA-grown cells. The nature of the systems involved in the degradation of these compounds was investigated.
First, oxygen was necessary for MTBE or TBA degradation by resting cells of M. austroafricanum IFP 2012. The average residual concentrations of MTBE and TBA after 24 h of incubation under aerobic conditions were 10 and 23%, respectively, while they were 45 and 75%, respectively, under anaerobic conditions.
When crude extracts of MTBE-or TBA-grown cells were used, no cytochrome P-450 was detected by observation of spectra obtained after reaction with carbon monoxide (33) . In addition, no staining of the soluble protein from TBA-grown cells separated by gel electrophoresis was observed when a stain specific for cytochromeP-450 (3,3Ј,5,5Ј-tetramethylbenzidine) was used (40) . The absence of cytochrome P-450 in cell extracts was consistent with production of propylene oxide from propylene by resting cells grown on MTBE (179 Ϯ 4 mol of propylene oxide/h/g of biomass) or on TBA (303 Ϯ 14 mol of propylene oxide/h/g of biomass) as alkenes are known inhibitors of cytochrome P-450 (21) .
In the presence of 10 mM methimazole, a specific inhibitor of flavin-containing monooxygenases (41) , no growth of M. austroafricanum IFP 2012 was detected when TBA (800 mg/ liter) was used as a carbon source. A similar inhibitory effect was detected (to a lesser extent) when HIBA (800 mg/liter) was used as the growth substrate; the maximum OD 600 in the presence of the same concentration of methimazole was one-half the maximum OD 600 in the absence of the inhibitor. This inhibitor had no effect on the growth of M. austroafricanum IFP 2012 on 1 g of glucose per liter.
Growth of M. austroafricanum IFP 2012 on MTBE and TBA was completely inhibited in the presence of acetylene at a concentration as low as 0.4% (vol/vol) in the gas phase. In contrast, growth on HIBA or LB was not affected whether acetylene was added or not. Moreover, exposure of TBAgrown cells to a higher concentration of acetylene (40% [vol/ vol] in the gas phase) resulted in loss of 86 and 99% of the MTBE-and TBA-specific degradation activities of resting cells, respectively. Propylene oxide production by resting cells was also affected by exposure to this alkyne. The production of propylene oxide by TBA-grown cells dropped from 386 Ϯ 23 to 40 Ϯ 14 mol of propylene oxide/h/g of biomass when these cells were previously exposed to acetylene. In these experiments, acetylene was flushed away by air before propylene was added to the assay mixture, suggesting that acetylene acted as an irreversible inactivator rather than as a competitive inhibitor. All these results confirmed that monooxygenase-type enzymes were involved in the oxidation of MTBE and TBA by M. austroafricanum IFP 2012. In addition, the monooxygenase involved in oxidation of MTBE has a behavior similar to that of the monooxygenase involved in oxidation of TBA.
The apparent half-saturation constant (K s ) towards TBA of TBA-grown whole cells was estimated by monitoring O 2 consumption and was found to be 1.1 mM. The K s for MTBE could not be measured by the same method, probably because of a higher affinity of the system for MTBE.
The protein patterns of M. austroafricanum IFP 2012 cellular extracts after growth on MTBE and after growth on TBA were quite similar (Fig. 2) . Compared with the protein pattern obtained with glucose-grown cells, several polypeptides were specifically induced with MTBE or TBA, as shown by the bands around 66 kDa (bands 66 a , 66 b , and 66 c ) and the bands at 40, 27, and 15 kDa. These induced polypeptides were purified by collecting the bands, subsequently digested with trypsin, and on December 12, 2019 by guest http://aem.asm.org/ microsequenced by the Edman reaction, giving 20-amino-acid peptides. The 40-and 15-kDa bands, which were also present in isopropanol-and acetone-grown cell extracts, were not taken into account. Analysis of the resulting sequences by using the Blast (2) and Fasta (27) alignment tools revealed that the band 66 c and 66 b and 27-kDa proteins had high levels of similarity with known proteins (90% similarity with a 68-kDa mycobacterial antigen, 92% similarity with a GMP family oxidoreductase of Caulobacter crescentus, and 57% similarity with a eucaryotic dehydrogenase of Rattus norvegicus, respectively).
Band 66 a was also present in the pattern of HIBA-grown cells, and the corresponding polypeptide was probably involved in degradation of HIBA. The polypeptides corresponding to band 66 b and the 27-kDa band seem to correspond to oxidoreductases involved in MTBE and TBA degradation. Characterization of these bands is being investigated. Moreover, a comparison of the protein patterns in membrane fractions from glucose-and TBA-grown cells did not reveal any difference (data not shown). Selective effect of Co 2؉ during growth on MTBE of M. austroafricanum IFP 2012. It was previously shown that Co 2ϩ had a positive effect on the growth of Burkholderia cepacia IFP 2003 on MM containing TBA and cobalt in two forms, CoCl 2 at a concentration of 1 mg/liter and cyanocobalamine at a concentration of 1.5 g/liter (29) . The effect of Co 2ϩ on the growth of M. austroafricanum IFP 2012 on several substrates was also investigated ( Table 4 ). The presence of Co 2ϩ in the mineral culture medium had no effect on the growth of M. austroafricanum IFP 2012 on ethanol, isopropanol, and acetone. In contrast, growth on TBA and growth on HIBA were increased 5.5-and 2-fold, respectively, by the presence of this cation.
In addition, when TBA was used as a carbon source (Fig 3) in the absence of Co 2ϩ , significant transient accumulation of HIBA was detected at 20°C (but not at 30°C), which was not the case when Co 2ϩ cations were supplied in the culture medium. Co 2ϩ ions have no effect on TBA degradation but a strong positive effect on growth, which could be ascribed to their effect on HIBA degradation. Indeed, during growth on HIBA in absence of Co 2ϩ , the degradation of HIBA was about one-half that in the presence of the cation (79 Ϯ 11 versus 152 Ϯ 5 mg of HIBA degraded/h/g of biomass). This suggested that no HIBA was detected during growth on TBA in the presence of Co 2ϩ because the HIBA degradation rate was at least equal to the TBA degradation rate in this case. Adding 1 mg of Co 2ϩ per liter to Co 2ϩ -starved cells led to a strong and immediate increase in growth on HIBA, whereas no effect was observed when the same amount of cyanocobalamine was added (results not shown).
DISCUSSION
M. austroafricanum IFP 2012 is the third pure bacterial strain which is able to grow on MTBE as a sole carbon and energy source and to mineralize it. In contrast to R. gelatinosus PM1 and H. flava ENV 735, M. austroafricanum IFP 2012 is gram positive, and it was isolated by using enrichment medium containing TBA, not MTBE. An MTBE degradation rate of 20 nmol/min/mg of cell protein (calculated by assuming a cell protein content of 50%) was obtained for M. austroafricanum IFP 2012, and this rate is very similar to the rate reported for R. gelatinosus PM1 (19 nmol/min/mg of cell protein). The MTBE degradation rate for H. flava ENV 735 is higher, 86 nmol/min/mg of cell protein.
The pathway for cometabolic degradation of MTBE was previously proposed to occur sequentially via TBF (17) to TBA to 2-methyl-2-hydroxy-1-propanol and then to HIBA (36) . A similar pathway was possibly used by strains using MTBE as a carbon and energy source since HIBA and TBA were detected in studies in which either H. flava ENV 735 (19) or M. austroafricanum IFP 2012 (this study) was used. Moreover, we also detected TBF and identified it as an intermediate of MTBE degradation. Oxidation of MTBE probably produced the hemiacetal intermediate tert-butoxy methanol (12) . The latter compound can produce either formaldehyde plus TBA or TBF, which could be further degraded into formate and TBA. The fact that TBF was identified during growth of M. austroafricanum IFP 2012 on MTBE supports the latter pathway, thereby excluding any formation of formaldehyde (Fig. 4) . The fate of HIBA was not elucidated since no degradation compounds were detected when HIBA was used as a growth substrate. Nevertheless, it should be mentioned that M. austroaf- a Substrates were added at final concentrations of 5, 2, 3, 3, and 7 g/liter for ethanol, acetone, isopropanol, HIBA, and TBA, respectively, by using three successive equivalent additions. The initial OD 600 was 0.05 in each trial, and growth was monitored by measuring the OD 600 for 240 h.
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BIODEGRADATION OF FUEL OXYGENATES 2759 on December 12, 2019 by guest http://aem.asm.org/ ricanum IFP 2012 was able to grow on isopropanol and acetone, and moreover, the protein patterns obtained with isopropanol-and acetone-grown cells contained the same strongly expressed 40-and 27-kDa polypeptides as the patterns obtained with cells grown on MTBE, TBA, and HIBA; these results are consistent with the HIBA degradation pathway proposed by Steffan et al. (36) . Understanding the physiology of strains growing on MTBE is important for elucidating the limitations on MTBE degradation in the environment. In fact, such strains are difficult to isolate because of their very slow growth on MTBE. The reasons for this slow growth are still unclear, as discussed by Salanitro (32) and Hatzinger et al. (19) . In the case of M. austroafricanum IFP 2012, we observed at least two reasons for its slow growth on MTBE: (i) the cleavage of the ether bond leading to conversion of MTBE to TBA at a nearly stoichiometric ratio before TBA was utilized for growth and (ii) the requirement of the strain for an essential oligo element, Co 2ϩ , for good assimilation of accumulated TBA.
To address the first reason, investigations were done to determine (i) the nature of the enzymatic systems involved in MTBE and TBA degradation by M. austroafricanum IFP 2012 and (ii) the specificity of M. austroafricanum IFP 2012 with other ethers (TAME and ETBE), which could also provide interesting data about structural limitations during the initial attack on the ether bond. With respect to the enzymatic systems involved, all of the results confirmed that monooxygenase-type enzymes were involved in the oxidation of MTBE and TBA: (i) oxygen was required for MTBE and TBA degradation, (ii) propylene oxide was produced from propylene by MTBE-and TBA-grown cells, (iii) propylene oxide production and MTBE and TBA degradation were inactivated by acetylene, a mechanism-based inactivator of several moonoxygenases (15) , and (iv) growth on TBA was inhibited by addition of 10 mM methimazole, an inhibitor of flavin-containing monooxygenases (41) . All these observations show that at least one monooxygenase is involved in MTBE and TBA degradation. Since no cytochrome P-450 could be detected and since propylene oxide was produced, the monooxygenase was likely to be nonhemic; however, no activity could be measured in crude cell extracts. Characterization of the gene(s) involved in MTBE and/or TBA degradation is being investigated to address this point. In H. flava ENV 735, the enzymatic system responsible for MTBE degradation was different from that responsible for TBA degradation, as shown by the responses of the systems to oxygenase inhibitors (19) . If only one monooxygenase were involved in degradation of both MTBE and TBA, MTBE catabolism could be slowed down. In M. austroafricanum IFP 2012, the monooxygenase involved in oxidation of MTBE was strongly related to that involved in oxidation of TBA, as shown by the following findings: (i) MTBE and TBA degradation activities were both inducible; (ii) TBA was a better inducer of MTBE degradation activity than MTBE itself; (iii) degradation of MTBE and TBA were both inactivated by the addition of acetylene (which also stopped growth); (iv) during growth on MTBE, TBA was first accumulated and was consumed only when MTBE was totally degraded; and, finally, (v) the protein patterns of MTBE-and TBA-grown cells of M. austroafricanum IFP 2012 were identical. The latter point suggests that the same oxygenase catalyses both MTBE oxidation and TBA oxidation. If this is the case, the oxygenase has a higher affinity for MTBE than for TBA, which results in accumulation of TBA from MTBE, followed by consumption of TBA when the concentration of MTBE is low. However, the resolution of SDS-PAGE may not be sufficient to separate all the polypeptides expressed. Therefore, we cannot rule out the possibility that two different oxygenases, both induced by TBA, are involved and that the TBA-oxidizing enzyme is inhibited by high concentrations of MTBE. In the case of H. flava ENV 735, MTBE degradation activity was expressed constitutively after growth on LB (19) , whereas TBA degradation was induced by TBA and acetylene only inhibited degradation of TBA. In R. gelatinosus PM1, the MTBE degradation pathway was inducible, but two different enzymatic systems were required since TBA-grown cells did not consume O 2 when they were exposed to MTBE (11) .
The specificity of MTBE degraders regarding the utilization of other ethers could be very useful for understanding the mechanism of the initial attack on the ether bond. Like R. gelatinosus PM1, M. austroafricanum IFP 2012 was able to grow on TAME. In addition, M. austroafricanum IFP 2012 grew slowly on ETBE. Both TAME and MTBE contain a methoxy group, whereas ETBE contains an ethoxy group; these groups release C 1 and C 2 compounds, respectively. The alcohols TBA and TAA produced from the ethers are well utilized by the strain. These results confirm that the initial steps, from the ether to the tertiary alcohol, are crucial and are highly dependent upon the structure of the ether. Additionally, it is interesting that methylotrophy is a common trait of the three strains that degrade MTBE; M. austroafricanum IFP 2012 is able to grow on methanol and to mineralize methanol and formate, R. gelatinosus PM1 is able to grow on formate and formaldehyde (11) , and H. flava ENV 735 is able to grow on formaldehyde (19) . This explains why no compounds arising from the release of the methoxy group are detected during growth on MTBE. The involvement of methylotrophs in MTBE biodegradation should be addressed in more detail.
Concerning the second possible limiting point during MTBE degradation, Hatzinger et al. (19) recently suggested that cer-tain cofactors or inducers could be necessary for efficient growth of H. flava ENV 735 on downstream metabolites of MTBE. The positive effect of CoCl 2 on TBA degradation by B. cepacia IFP 2003 was shown previously (29) . The present study showed that M. austroafricanum IFP 2012 required addition of Co 2ϩ specifically during HIBA catabolism. The possible involvement of cobalt in a cobalamin-dependent enzymatic system was not considered for M. austroafricanum IFP 2012 because (i) the growth medium already contained cyanocobalamin and (ii) addition of cyanocobalamin had no effect. Kobayashi and Shimizu (25) reviewed all known non-corrin-cobalt-containing enzymes. To date, cobalt is known to be involved in the structure of eight different enzymes, including a carboxyltransferase (18) and a mutase (28, 30) . It plays a role in stabilization of the three-dimensional structure of proteins by binding with specific amino acids. It is worth mentioning that a decarboxylation step was required for HIBA catabolism.
The use of M. austroafricanum IFP 2012 in bioremediation processes should be facilitated by the facts that (i) TBA-grown cells are able to degrade MTBE and (ii) biomass production on TBA is good (0.61 g·g Ϫ1 ). Thus, biomass that efficiently degrades MTBE should be easily produced. For use in contaminated aquifers, M. austroafricanum IFP 2012 has additional interesting capacities as it is able to grow on toluene , p-xylene, and m-xylene.
The present results highlight the biodiversity of strains that degrade MTBE, both taxonomically and enzymatically. Such diversity justifies investigations of the genes involved in fuel oxygenate degradation (7) . Detection of these genes in the environment would be a suitable approach for evaluating the existing potential for natural attenuation of MTBE.
